The products of the SOS-regulated umuDC operon are required for most UV and chemical mutagenesis in Escherichia coli. The UmuD protein shares homology with a family of proteins that includes LexA and several bacteriophage repressors.
umuD and umuC mutants of Escherichia coli are virtually nonmutable with UV and many chemicals, suggesting that the UmuD and UmuC proteins are required for most mutagenesis by these agents (1) (2) (3) (4) (5) (6) (7) . Evolutionarily diverged analogs of these proteins that can substitute for UmuD and UmuC function have been characterized and are encoded by naturally occurring plasmids: MucA and MucB by plasmid pMK101 (8, 9) and ImpA and ImpB by plasmid TP110 (ref. 10 ; P. Strike, personal communication). Recent evidence has indicated that the RecA protein (11) (12) (13) (14) and the heat-shockregulated chaperonins GroEL and GroES (15) are also required for SOS mutagenesis.
Both the umuDC operon and the plasmid-derived mucAB operon are repressed by the LexA protein (1, 2, 16) and are regulated as part of the SOS response of E. coli (3-5, 17, 18) . SOS induction occurs when activated RecA (designated RecA*) mediates the proteolytic cleavage of the bond between Ala-84 and Gly-85 of LexA (19) , apparently by facilitating an otherwise latent capacity of the LexA to autodigest (20) . LexA shares homology with the repressors of bacteriophages A, 434, P22, and 480 (21, 22) , and cleavage of these proteins appears to occur by an analogous mechanism.
Our observation that UmuD and MucA share homology with the carboxyl-terminal domains of LexA and the phage repressors led us to postulate that these proteins are posttranslationally activated for their roles in mutagenesis by a RecA-mediated proteolytic cleavage (8) . RecA-mediated cleavage of UmuD at its bond between Cys-24 and Gly-25 has now been shown to occur in vivo (23) and in vitro (24) . Genetic studies have shown that the purpose of this cleavage is to activate UmuD for its role in mutagenesis and that the carboxyl-terminal fragment of UmuD, UmuD', is both necessary and sufficient for this role (11) . Genetic observations suggested that the physical interaction of UmuD (or a UmuD derivative) with UmuC is necessary for UV mutagenesis (8) and recent biochemical studies have provided evidence that renatured UmuC can form a complex with a homodimer of UmuD' (25) . The biochemical roles of UmuD' and UmuC in mutagenesis have not yet been determined although various models have been suggested (26) (27) (28) (29) . On the basis of amino acid similarity of UmuD and UmuC to the bacteriophage T4 45, 44, and 62 gene products, we have suggested (30, 31) that the molecular actions of these proteins may be related to those of these DNA polymerase accessory proteins.
The genetic studies described in this paper help define the relationship between the mutagenesis proteins UmuD, MucA, and ImpA and the closely related group of repressors that includes LexA and A repressor. In addition, we provide physical evidence that UmuD and UmuD' form heteodimers in vivo and discuss the possible biological implications of our observations. MATERIALS AND METHODS pGW2020 (11) was treated with hydroxylamine under conditions that gave rise to approximately one adduct per plasmid. Mutagenized plasmids were transformed into GW3200 (umuD44) (11) and screened for failure to complement fully the deficiency of GW3200 in a UV-induced argE3 reversion to an Arg+phenotype (argE3 --Arg+ reversion) (1) . Dideoxy-nucleotide sequencing was carried out as described (11) . After UV-irradiation of cells and incubation at 37°C for 1 hr, UmuD cleavage was assessed by centrifuging the cells, electrophoresing the proteins from 4 x 108 cells on a 14% polyacrylamide gel containing SDS, transferring the proteins to Immobilon-P, and blotting with affinity-purified antibodies raised against UmuD'. The antibody reacted equally well with UmuD and UmuD' at the 1:10,000 dilution used in these studies. Cross-reacting material was visualized by using goat anti-rabbit antisera conjugated to horseradish peroxidase. The overproduction and purification of UmuD and UmuD' will be described elsewhere. Glutaraldehyde cross-linking studies were carried out as described (32) .
RESULTS
Isolation and Sequencing of umuD Mutants. After treatment with hydroxylamine, pGW2020, a multicopy plasmid carrying the umuD+ gene but not the umuC+ gene (11) , was transformed into a umuD44 strain. We then screened the transformants for derivatives that showed a reduced frequency of UV-induced argE3 --Arg+reversion (1) . Of the 5000 transformants screened, 15 (33) revealed that all of the missense umuD plasmids encoded a single band that migrated on the gel to a position identical to, or close to, that of UmuD' (data not shown). These bands were of essentially the same intensity as the UmuD' band indicating that, at least in maxicell conditions, these mutations did not affect the stability of the UmuD derivatives.
Deficiencies of the umuD Mutants in UV Mutagenesis. All of the plasmids carrying umuD mutants were reduced in their ability to complement a umuD44 strain in UV mutagenesis relative to a plasmid carrying the umuD' gene (Fig. 1A) . The UmuD proteins that were most deficient in UV mutagenesis were those with alterations at the cleavage site (CY24, GS25, and GD25) and also GD129. Furthermore, we noted that, for several of the mutants (GS25, GR65, GD92, TM95, LF107, and GD129), the deficiencies of the umuD mutants in UV mutagenesis relative to a umuD+ strain were not as great in cells that had been irradiated with 50 J/m2 as they were in cells that had been irradiated with 20 J/m2. This observation suggested that the higher UV dose can compensate for the impaired function of these mutant UmuD proteins. The umuD mutants exhibited a modest (2-to 4-fold) increase in sensitivity to killing by UV relative to the umuD+ strain when irradiated at 50 J/m2. Increased sensitivity was not detected at 20 J/m2.
Deficiencies ofthe Mutant UmuD Proteins in RecA-Mediated
Cleavage in Vivo. Given the demonstrated importance of RecA-mediated cleavage of UmuD in the mutagenic process (11) , it seemed possible that the deficiencies of the mutant UmuD proteins in UV mutagenesis might be due to a reduced ability of these proteins to undergo RecA-mediated cleavage. We therefore used affinity-purified UmuD antisera to examine the extent of UV-induced cleavage of the mutant UmuD proteins in vivo in a manner similar to that described by Shinagawa et al. (23) . By using this methodology, we were able to detect UmuD and UmuD' generated from the multicopy umuD+ plasmid pGW2020 but were not able to detect chromosomally encoded UmuD and UmuD' unless the gels were substantially overloaded (data not shown). After a dose of 20 J/m2 and an incubation of 1 hr, >90% of wild-type UmuD was cleaved to UmuD' ( Fig. 2A) . In contrast, cleavage of the 10 missense UmuD proteins was either not detectable or just barely detectable, indicating that they are (changing KB). Third, mutations could also decrease RecAmediated cleavage by directly decreasing the rate of cleavage of the RecA*-UmuD complex (decreasing kc). Such mutations could affect amino acids that play a direct functional role in the mechanism of the proteolytic cleavage reaction or some aspect ofthe architecture of UmuD that is necessary for the RecA-mediated cleavage reaction. Since the role of the resulting UmuD' protein in the process of UV mutagenesis is not yet understood, it is not possible to identify particular steps subsequent to the cleavage reaction that might account for a reduced frequency of UV mutagenesis. However, plausible steps include the dimerization of UmuD' proteins (ref. 25 and this study), association with UmuC (8, 25) , and possible interaction with another protein such as RecA (14) or a DNA polymerase (30, 31) . All of the mutant UmuD proteins analyzed in this study were severely deficient in their ability to undergo RecAmediated cleavage in vivo but we were able to detect some cleavage of each protein at or very near the normal cleavage site between residues 24 and 25. However, we have found (unpublished data) that our umuD mutants SA60 and KA97 (11) , which affect residues postulated to play a direct role in catalyzing the cleavage reaction (11, 39) , are not cleaved to a detectable extent in vivo. In their characterization of RecA-mediated cleavage of 20 Ind-LexA proteins in vitro, Lin and Little (40) found that several could be cleaved but at rates that were significantly lower than rates of the wild-type LexA protein. Similarly, Gimble and Sauer (36) reported that several of the Ind-A repressors they examined were capable of a diminished amount of RecA-mediated cleavage.
In their studies of A repressor, Gimble and Sauer (36) found that most of the mutants that were defective in RecAmediated cleavage were also defective in their ability to autodigest at alkaline pH. The exceptions were mutations affecting the A repressor amino acids T122, G124, D125, and E127. This led Gimble and Sauer (36) to postulate that these mutations identified side chains that are involved in the binding of A repressor to RecA*. As can be seen in Fig. 4 , these residues of A repressor are not conserved within this family of proteins suggesting that, if these amino acids do influence the interaction with RecA*, they do so in a Aspecific fashion. The existence of protein-specific interactions with RecA* could help to explain the observations that certain alleles of RecA differentially affect the ability of RecA to mediate the cleavage of certain members of this family of proteins (12, 13, 23, 24, 41) and that RecA proteins from other bacteria are able to mediate the cleavage of certain members of this family but not others (42) . The region of UmuD (amino acids [33] [34] [35] [36] [37] [38] [39] [40] [41] ) that corresponds to the region of A repressor affected by this latter class of A cI mutations contains three amino acids that are conserved within the family of mutagenesis proteins (UmuD, MucA, and ImpA) but not with LexA and the various bacteriophage repressors (Fig. 4) . This observation suggests the possibility that this region of UmuD might represent a domain that is required for some function or interaction that is particularly required for UmuD's role in UV and chemical mutagenesis, independent of whether it plays a role in RecA-mediated cleavage.
The mutant UmuD proteins with the most severe reductions in their ability to undergo RecA-mediated cleavage were those with alterations at the cleavage site (CY24, GD25, and GS25) and GD129, which has an alteration near the carboxylterminal end of the protein. In genetic studies of LexA and A repressor (36, 37) , no mutations affecting RecA-mediated cleavage have been reported that are so close to the carboxyl terminus. The fact that the GD129 mutation so severely impairs RecA-mediated cleavage of UmuD suggests that this carboxyl-terminal-most region of conservation may play some role in protein architecture that is extremely important for the RecA-mediated cleavage reaction.
Proc. Natl. Acad. Sci. USA 87 (1990) Gimble and Sauer (38) have described two mutations causing amino acid substitutions in the carboxyl-terminal domain of A repressor (AT152 and AT158) that interfere with the formation of homodimers (Fig. 4) (23) and in vitro (24) . Thus one would expect some intact UmuD to accumulate before the increase in intact LexA would return expression of the umuDC operon to its basal level. Since the results of our in vitro experiments suggest that the formation of heterodimers is favored over homodimers, heterodimers should begin to form as soon as intact UmuD begins to accumulate.
The results of several previous studies, when considered collectively, suggest to us that there is indeed a mechanism for the deactivation of SOS-induced mutagenic capability that could be accounted for by the model we have proposed. By using two approaches, Witkin (44) and Defais et al. (45) showed that SOS mutagenesis decays with a half-life of '30 min in a Uvr-background. However, Sassanfar and Roberts (43) have shown that, in a Uvr-strain irradiated with an even lower dose of UV than that used by Defais et 
